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ABSTRACT 
 
Simulating drifting snow is very difficult due to the way in which it accumulates over time. 
Snow drifts pose a real threat to Antarctic researchers who get stranded in the open with 
nothing but a lightweight tent to protect them during a blizzard. This report focusses on 
implementing snow into a CFD simulation to predict where the snow will build-up around a 
tent. Scaled down wind tunnel experiments using borax as a snow simulator were performed 
to validate the solution given by the simulation. The theory behind drifting snow will be 
discussed and how to use the tools available in CFD solvers to correctly model the build-up. 
The results will be compared against the experimental data and a verdict on the validity of the 
solution will be made.  
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Figure 5.1.1 - Snow drifting around a pyramid tent (Gough, 2007) 
1.0 INTRODUCTION 
1.1 Background 
Antarctica is a hostile environment. To survive here, humans have had to use engineering 
knowledge to solve complex problems in order to endure some of the harshest weather 
conditions on earth; wind speeds up to 200 km/h and temperatures as low as -80
o
C have been 
reported (Australian Government, 2002). These strong winds cause the snow to lift up off the 
ground and be carried by the wind. This is called a Blizzard. Blizzards are very dangerous due 
to the strong winds, drifting snow and significantly reduced visibility. 
When in Antarctica, explorers will carry a snow tent to provide shelter and warmth during the 
nights and any dangerous weather they may encounter. These tents are usually lightweight as 
they have to be carried, but reduced weight generally means compromised strength. The high 
winds and snow build up pose a real threat to the occupants as the structure could collapse, or 
the tent is engulfed in snow and they are unable to escape. Figure 1.1.1 shows an image of 
snow drifting around pyramid tent taken from a journal written by Alex Gough in 2007.  
 
 
Many different types of snow tents are used including dome tents and pyramid tents such as 
the one in figure 1.1.1. Dome tents are very efficient at shedding snow due to their curved 
shape and steep walls (Wood, n.d.). However they tend to be large and heavy and are not 
suitable for lightweight expeditions. The pyramid tent is lighter and more portable, but has a 
higher chance of snow accumulation due to the pointed corners. For the purposes of this 
research task, the pyramid will be the main focus, as its purpose is to provide quick protection 
for explorers caught out in dangerous weather and is most susceptible to snow build-up. 
CFD simulations are an extremely powerful tool that engineers can use to test complex flows 
or geometries in a reasonably short time, without the need to manufacture parts needed to 
perform a wind tunnel experiment. The advantages of CFD include being to model all 
possible parameters at all points in the model and the ability to make small adjustments and 
compute the results again in a short period of time. Various different physical models are able 
to be simulated such as heat transfer, combustion, vibrations and sound propagations which 
can allow the simulation of scenarios that are almost impossible to test physically.   
However, CFD uses a large number of approximations when performing its calculations 
especially when turbulence is involved. For this reason, practical experiments must be done 
alongside the simulation to confirm its validity.  
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1.2 Purpose 
The purpose of this thesis is to determine the best method to simulate a pyramid tent in a 
blizzard using ANSYS Fluent and a scaled wind tunnel experiment with a snow substitute to 
validate the simulations. 
1.3 Research Significance 
Modelling the behaviour of blowing snow has been of great interest for many engineers for 
many years. Being able to model how the snow accumulates around buildings and machinery 
could solve many problems for those who live and work in parts of the world where blizzards 
are a common occurrence. The outcomes from this research will assist any researchers or 
engineers who are interested in modelling the build-up of snow. It will give them insight into 
how to set up the initial conditions for their simulations and to achieve valid results. 
1.4 Research Questions 
This report aims to answer the following questions? 
- What is the best method to add snow to the flow in a CFD simulation? 
- What is the best method for scaled down wind tunnel testing using a snow simulator? 
Explorers may benefit from the results of this experiment as the build-up patterns may assist 
in providing some guidance as to the best way to protect their tent. 
1.5 Report Coverage 
Section 2 of this report covers the theory behind how drifting snow behaves and the physical 
properties of snow particles, the reasoning behind the choice of material for the snow 
simulator and the previous work done in the field of scaled down wind tunnel testing of snow. 
It also covers the theory about how CFD simulations are performed in ANSYS Fluent and 
experiments performed by other researchers on simulating snow build up. 
Section 3 outlines the reasoning behind why the experiments were performed, the setup used 
to perform the experiments and the results from the various tests. A discussion of the results is 
also included as well as a summary of the errors and difficulties faced while performing the 
experiments. 
Section 4 covers the numerical approach used to simulate the problem. It discusses the 
process used to complete the meshes, the parameters used when setting up the various models 
required to correctly simulate the snow. The results from the various different configurations 
will be discussed, as well as some improvements required and future possible applications. 
The two methods will be discussed in section 5 where a comparison between the numerical 
and experimental approaches will be performed. The accuracy and validity of the simulations 
will depend on their resemblance to the wind tunnel experiments. Finally, some conclusions 
and recommendations will be discussed in section 6 as well as some possible future work that 
could be done on this project or for other applications.  
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2.0 THEORY AND LITERATURE REVIEW 
To be able to perform the CFD simulation and wind tunnel tests, some knowledge on 
implementing drifting snow into a CFD code and scaled wind tunnel experiments using a 
snow simulator is required. This section aims to summarise the prior art in the field of snow 
simulation, and provide some insight into the theory behind snow simulation in CFD models. 
2.1 Snow Behaviour 
2.1.1 Drifting Snow 
A large amount of research has been performed in the field of snow simulation to examine the 
behaviour of snow particles on a model. For the purpose of this thesis, drifting snow and build 
up are of interest. There are 2 main layers that make up drifting snow. These are the 
suspension region, and the saltation region (N.O. Aksamit, 2015, p. 57). The saltation layer is 
the layer of snow up to a thickness of ~ 0.1-0.2 m (N.O. Aksamit, 2015, p. 57) and the 
suspension layer is the region where snow particles are ‘suspended’ in the air flow (< 0.2m). 
A third minor layer is known as the creep region and exists below the saltation layer up to a 
thickness of ~ 0.01 m (Yoshihide Tominaga, 2010, p. 902). In this region, snow particles 
move by rolling, sliding or creeping against one another (Yoshihide Tominaga, 2010, p. 901). 
This phenomenon is shown in figure 2.1.1.  
 
Figure 6.1.1 - Modes of snow transportation (Yoshihide Tominaga, 2010, p. 902) 
2.2 Properties of snow particles 
2.2.1 Snow Particle Diameter 
Snow flake sizes vary immensely so choosing a value for the particle diameter is difficult. In 
the report produced by Yoshihide Tominaga, the mean snow particle diameter (DS) that he 
used to complete his work is given as 1.5 x10
-4
 m (Yoshihide Tominaga, 2010, p. 906).  This 
is the value that will be used for this project. 
2.2.2 Snow Density 
Pomeroy and Brun conducted research on snow densities and found that the density of 
accumulated snow varies from 70 to 165 kg/m
3
 depending on temperature and wind speed 
during deposition (J.W. Pomeroy, 2001, p. 49). An equation for the density based on 
temperature was generated and is shown below for temperatures between -10
o
C and 1
o
C.  
𝜌𝑠 = 67.9 + 51.25 𝑒
 
𝑇𝑠
2.59 
In their report, a common assumption was made that the density of snow is equal to 100 
kg/m
3
, however Yoshihide Tominaga uses a value of 150 kg/m
3
 (Yoshihide Tominaga, 2010, 
p. 906). For this project, the constant value of 150 kg/m
3
 will be used for simplicity and as 
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temperature is not a factor of interest. The density of ice (ρi) is known to be 916.7 kg/m
3
 (Ice, 
2017). 
2.3 Wind Tunnel Experiment 
2.3.1 Snow Simulator 
Replicating a blizzard in a wind tunnel requires using a snow simulator to add to the flow to 
imitate drifting snow. Using real snow is possible, however it is not easy due to the large 
amount of cooling required to maintain the correct temperature for the snow, as well as 
factoring in the damage that may occur due to the snow melting on electrical items. Therefore 
a snow simulator must be used. Gerdell and Strom (1961) experimented with sawdust as a 
snow substitute on a 1:25 scale model of a building, however found that the elasticity of the 
material was far different to that of real snow and did not behave in the same manner (Strom, 
1961).  
Strom and Gerdell both believe that the following scale factors were considered significant for 
a snow simulator: 
𝑑
𝐿
 ,
𝑉𝑝
2
𝑔𝑑
 ,
𝑉𝑝
𝑉
 ,
𝑉𝑓
𝑉
 , 𝑒 
Where: 
L = the linear reference dimension of the structure subject to test 
d  = the diameter if the snow particle 
Vp = the velocity of the snow particle 
Vf = the free fall velocity of the particle 
V  = the ambient air velocity at the particle 
g = the acceleration of the particle due to gravity 
e  = the coefficient of restitution 
(Gerdell, 1961) (Strom, 1961) 
Their calculations concluded that the snow substitute must have a density of 2000 kg/m
3
 or 
more to give a free fall velocity of 63 m/s, and a diameter of 0.1mm (Strom, 1961). Many 
different substances were tested, and Borax [Na2B4O7 · 10 H2O] was proven to replicate snow 
the best. For the rest of their experiments, commercial borax with a mean particle diameter of 
0.2mm was used (Gerdell, 1961). Other researchers such as G. E. Sherwood and Nancy S. 
Stehle also found borax to be an ideal snow simulator (Sherwood, 1967) (Stehle, 1964). 
2.3.2 Previous Experimental Testing 
Strom and Gerdell performed wind tunnel experiments on a square building on column 
supports to investigate the way the snow accumulated during a blizzard. The borax was added 
to the flow 13 feet upstream of the model, and a layer on the floor to simulate the snow on the 
ground. The test section of the wind tunnel was 7 feet wide, 3.5 feet high and 30 feet long 
(Gerdell, 1961), resulting in a 1:10 scale model.  The images in figure 2.3.1 are taken from his 
report and show the accumulation of the borax around the building during the wind tunnel 
test.  
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G.E. Sherwood conducted similar tests to find the optimal arrangement of multiple Jamesway 
shelters, a semicircular, arched rib structure that is commonly used in polar regions 
(Sherwood, 1967, p. 2). The models were constructed to a 3/32 inch equals 1 foot scale, 
which is equal to a 1:128 scale. This means that the typical 64 foot long Jamesway shelter 
used in real life corresponded to a 2 foot long model. They found it was impossible to scale 
the buildings to the borax particle size, but expected to get good drift patterns with the borax 
(Sherwood, 1967, p. 2). 
They shook the borax into the flow through a mesh screen to sieve out large lumps, which 
resulted in a maximum particle size of 0.18 mm (Sherwood, 1967). A wind speed of 13.5 
miles per hour (6.035 m/s) was used such that the borax particles were just above the fluid 
threshold velocity (Sherwood, 1967). The tunnel was operated for 1.5 hours, with borax only 
being added to the flow for the first hour, and then left for the wind to prevail for the 
remaining 30 minutes. 
Figure 2.3.2 shows an image of the 
build-up around the models in a ‘V’ 
arrangement with the wind travelling 
from right to left. The results shown here 
are after 1 hour with borax addition and 
30 minutes prevailing wind (Sherwood, 
1967). Surface rippling can be seen on 
the right hand side of the image, but poor 
image quality limits the visible 
depositions around the models.  
Figure 2.3.1 - Experiment conducted by Gerdell using borax as a snow simulator (Gerdell, 1961) 
Order: Top Left, Top Right, Bottom Left 
Figure 2.3.2 – Wind tunnel experiment using borax on buildings 
in ‘V’ arrangement (Sherwood, 1967) 
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2.3.3 Suitability for Scaled Testing 
Experiments conducted by Gerdel and Strom et al. used a scale of 1:10 when conducting their 
experiments on the building. They found that the limit for using borax as a snow simulator 
was 1:25. When conducting an experiment on some large fuel tanks using a smaller scale, the 
borax behaved differently. A new snow substitute for scales between 1:25 and 1:50 would 
have to be found (Gerdell, 1961, pp. 85 - 87).  
This proves that scales above 1:25 are acceptable to use borax as the snow simulator. 
2.4 CFD Simulation 
Research into simulating snow behaviour began in the early 21
st
 century when computer 
technology could manage the high computational load that CFD requires. Since then, many 
researchers have devoted large amounts of time to implementing drifting snow into the CFD 
solvers. This section will cover the basics of CFD, the previous work completed in this area, 
how the snow particles will interact with the flow and the various models used by ANSYS 
Fluent to model the snow. 
2.4.1 CFD Background 
Fluid flows are governed by several partial differential equations (PDEs) which represent the 
conservation mass, momentum and energy. CFD is the art of replacing these PDE systems 
with a set of algebraic equations which can be solved using digital computers (Kuzmin, 
2017). A finite volume approach is generally used so solve the flow. The computer calculates 
all properties of the flow for each cell based on the contributions from the neighbouring finite 
volumes (cells), and the specified boundary conditions (Jahn, MECH4480 - Computational 
Fluid Dynamics, 2017). These cells are arranged to take the shape of the fluid domain to be 
analysed. This is called a mesh. An example of a mesh is shown in figure 2.4.1, where a 
tetrahedral mesh has been used to model flow over a formula 1 style car. 
 
Figure 2.4.1 – Triangular mesh around a formula 1 style car (Symscape, 2013)  
The size of the cells is vital. Smaller cells produce a far more accurate simulation. Therefore, 
small cells have been used in areas of great importance as shown in figure 2.4.1 with the 
orange arrows. Areas such as leading edges and around the rear wing require a great degree of 
accuracy. Increasing the number of cells however, increases the number of calculations the 
computer must complete. This means that areas of little importance can use larger cells, as 
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shown with the green arrows, to reduce overall calculation time without compromising 
accuracy in the important regions. 
2.4.2 Governing Equations 
The CFD solver must always adhere to the conservation laws of mass, momentum and 
energy. These equations are defined below. 
2.4.2.1 The Conservation of Mass 
The conservation of mass law, also known as the continuity equation states that matter can 
neither be created nor destroyed. This law can only be solved for flows that do not incorporate 
nuclear fusion/fission as mass is converted to energy and vice versa during this process 
(Schneiderbauer, 2006).  The equation for the conservation of mass for incompressible flow 
(density is constant) is given by: 
𝜕𝑣𝑖
𝜕𝑥𝑖
= 0 
Where vi is the flow velocity, xi is the location and i = 1, 2, 3 for 3-dimensional space 
(Davidson, Fluid Mechanics, turbulent flow and turbulence modelling, 2017). (Tan, 2014) 
2.4.2.2 The Conservation of Momentum 
Momentum must also be conserved when solving for the properties of the flow. The equation 
for the conservation of momentum for incompressible flow is given by: 
𝜌
𝑑𝑣𝑖
𝑑𝑡
=  −
𝜕𝑝
𝜕𝑥𝑖
+  𝜇
𝜕2𝑣𝑖
𝜕𝑥𝑗𝜕𝑥𝑗
+ 𝜌𝑓𝑖 
Where t is the time, p is the static pressure, µ is the dynamic viscosity and ρ is the density. fs 
is the external body force and force due to gravity. This equation is also known as Navier 
Stokes’ equation (Davidson, Fluid Mechanics, turbulent flow and turbulence modelling, 
2017) (Tan, 2014). 
2.4.2.3 The Conservation of Energy 
The conservation of energy law states that no energy is created or destroyed, but transforms 
between forms of energy such as potential, thermal and kinetic. This corresponds to the first 
and second laws of thermodynamics. The conservation of energy equation focuses on the 
thermal energy balance, as the conservation of momentum equation deals with potential and 
kinetic energy transformations. The equation is defined as: 
𝜌𝑐𝑝
𝐷𝑇
𝐷𝑡
=  𝜑 +
𝜕
𝜕𝑥𝑖
(𝑘
𝜕𝑇
𝜕𝑥𝑖
) ,   𝜑 = 2𝜇𝑆𝑖𝑗𝑆𝑖𝑗 
Where T is the temperature, φ is the dissipation term, Sij is the strain-rate tensor, cp is the heat 
capacity and k is the effective conductivity (Davidson, Fluid Mechanics, turbulent flow and 
turbulence modelling, 2017) (Tan, 2014). 
2.4.3 Previous work completed 
Yoshihide Tominaga et al. (2010) produced a report reviewing previous work completed in 
the field of CFD simulations of snowdrift around buildings. His report summarised the 
behaviour of snow (as seen in section 2.1) and how the saltation layer would behave in a CFD 
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simulation. Figure 2.4.2 shows a diagram from the report from Tominaga et al. showing a 
mass balance of a control volume (cell) and the mass fluxes across the cell boundaries. 
 
Figure 2.4.2 – Control Volume Mass Balance (Yoshihide Tominaga, 2010, p. 904) 
Here, V is the velocity of the flow entering the face of the CV, A is the area of the face and Φ 
is the drift density.  Wf is known as the snowfall settling velocity or gravitational 
sedimentation velocity (Yoshihide Tominaga, 2010, p. 902). This value is determined by the 
properties of the particle and can be calculated using the formula shown below, making the 
assumption that they have a spherical shape. 
𝑊𝑓 = −√
8
3
(
𝜌𝑎
𝜌𝑖
− 1)
𝐷𝑖
𝐶𝐷
𝑔  
Where: 
Di = Diameter of particles 
𝜌𝑎 = density of air 
𝜌𝑖 = density of particle (ice) 
CD = drag coefficient 
g = acceleration due to gravity 
 
Tominaga et al. states that it is difficult to estimate a value for the diameter and density of the 
particles, as snowflakes are highly irregular in shape and size (Yoshihide Tominaga, 2010). 
After looking at results from previous studies, Tominaga et al. found that if density and 
diameter were considered to be uniform, the settling velocity could be assumed to be equal to 
the terminal settling velocity, which can be given as a constant value of 0.2 m/s. On the other 
hand, another source found Wf to be inversely proportional to flow turbulence. This makes 
determining the value very difficult (Yoshihide Tominaga, 2010, p. 902). 
Modelling of the saltation layer has proven most tricky to simulate, and as it is dominant in 
the transport of snow particles in a snowstorm, therefore it cannot be ignored (Yoshihide 
Tominaga, 2010, p. 903). The transport rate of drifting snow due to saltation is given by the 
formula below from Tominaga et al.’s report, after analysing results from experiments 
conducted with sand particles. 
𝑄𝑠𝑎𝑙 = 𝑐𝑖 (
𝜌𝑎
𝑔
)
𝑊𝑓
𝑈𝑡
∗ 𝑈
∗2(𝑈𝑡
∗ − 𝑈∗) 
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This equation uses the difference between settling velocity (Wf), threshold friction velocity 
(Ut
*
) and local friction velocity (U
*
) to calculate the transport rate (Yoshihide Tominaga, 
2010, p. 903). They also found that the value of ci was assumed to be 1 in a drifting snow 
boundary layer (Yoshihide Tominaga, 2010, p. 903).  
Another application for this theory is to simulate the snow generated from a vehicle driving 
through snowy conditions. Jian Tan et al. conducted a master’s thesis on self-generated snow 
dust from a car at Chalmers University of Technology in Sweden in 2014 in collaboration 
with Volvo. The aim of the experiment was to correctly simulate the particles of snow lifted 
off the ground, using some experimental data provided by Jokkmokk proving ground as 
validation (Tan, 2014). He used a discrete phase model with a Eulerian-Lagrangian approach 
implemented into ANSYS Fluent to track the particles (Tan, 2014, p. 11). Figure 2.4.3 shows 
the particle tracks of the snow particles generated by the wheel, with the colour of the lines 
determined by the velocity of the particle.  
 
Figure 2.4.3 – Particle tracks of the snow dust generated by a car (Tan, 2014, p. 1) 
Schneiderbauer et al. produced a report outlining their work on simulating the snow build-up 
around buildings and fences for the purpose of minimising the chance of avalanches, where 
snow depth and wind deposition of snow are critical factors for avalanches to initiate 
(Schneiderbauer, 2006). A simulation was run on a 2D fence to measure the build-up and 
erosion of the snow in the near vicinity. Figure 2.4.4 shows the initial velocity vectors of the 
flow around the fence, which has been represented as a rectangle suspended off the ground to 
imitate a section between fence posts. These images have been sourced from his report 
(Schneiderbauer, 2006). 
 
Figure 2.4.4 – Initial velocity vectors around the fence in 2D (Schneiderbauer, 2006) 
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Figure 2.4.5 now shows the build-up and erosion of the snow for two different scale factors.  
 
Figure 2.4.5 – Build-up and erosion around a 2D fence for different length scales (Schneiderbauer, 2006) 
After this, the simulation was converted to 3D. Figure 2.4.6 shows a contour plot of the floor 
height, based on snow deposition. A large deposition can be seen a distance behind the wall, 
while a trough is present immediately behind the wall. This is due to the turbulent air 
generated behind the wall and the accelerated air flowing underneath it.  
 
Figure 2.4.6 – 3D contour plot of snow height around a fence (Schneiderbauer, 2006) 
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2.4.4 Turbulence Modelling 
The modelling of viscous effects in CFD is vital, as no real-life flow is truly inviscid. A 
turbulent model must be incorporated into the simulation to determine where recirculation 
occurs. There are many different viscous models that can be used by the CFD solvers, and all 
have various strengths and weaknesses which determine their optimum application. 
2.4.4.1 The Transitional Shear-Stress Transport Viscous Model 
The Transitional Shear-Stress Transport (SST) turbulence model is a 4-equation model that 
combines couples the k-ω SST turbulence transport equations (ANSYS, 2013). It has high 
accuracy near the walls, like the k-ω model, whilst also having free-stream independence due 
to the contributions from the k-ε model. (Davidson, An Introduction to Turbulence Models, 
2017) (Tan, 2014).  
2.4.5 Modelling of Particles 
To model the particles in ANSYS Fluent, a Discrete Phase model must be implemented. 
Discrete Phase modelling is the method used to simulate the transport of particles, droplets or 
bubbles through the calculated flow field, using Navier-Stokes’ equations to solve the 
continuum flow and the exchange of mass, momentum and energy through the governing 
equations (ANSYS, 2013, p. 373). This is called the Euler-Lagrange approach. Figure 2.4.7 
shows the interactions that a particle undergoes when travelling through the control volume.  
 
Figure 2.4.7 – Discrete Phase Modelling (Tan, 2014) 
An integral particle force balance is performed to predict the trajectory of the particle. This 
equation is written in a Lagrangian reference frame and can be written as: 
𝑑?⃗? 𝑝
𝑑𝑡
=  𝐹𝐷(?⃗? − ?⃗? 𝑝) + 
𝑔 (𝜌𝑝 − 𝜌)
𝜌𝑝
+ 𝐹  
(ANSYS, 2013, p. 374) 
The particle density and velocity relative to its surroundings are used to determine the change 
of velocity that the particle undergoes when the calculation is performed. 
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The Euler-Lagrange approach ignores particle-particle interactions as the volume fraction of 
particles to fluid is very low and the size of the particles is small so collisions will be rare. 
The snowflakes are treated as spherical inert particles. The particles are introduced into the 
flow via an injection. The properties of the injection can be altered to suit the application, 
such as particle material, diameter, velocity direction and other factors such as turbulent 
dispersion.  
Particle to wall collisions are split into two types: tangential and normal. The velocity in 
which the particle has after the impact is a function of the velocity magnitude before the 
impact and the angle with the wall. The equations for these normal and tangential velocities 
after the collision are given by (Enmark, 2017, p. 17): 
𝑉𝑛 = 𝑉𝑚𝑎𝑔 sin(𝛼)             𝑉𝑡 = 𝑉𝑚𝑎𝑔 cos(𝛼) 
The erosion/accretion modelling inside the DPM sub-model in ANSYS Fluent was also 
implemented to model the erosion and accretion of the snow particles. The ANSYS Fluent 
theory guide calculates the erosion and accretion rates using the following equations 
(ANSYS, 2013, pp. 424 - 425): 
𝑅𝑎𝑐𝑐𝑟𝑒𝑡𝑖𝑜𝑛 = ∑
?̇?𝑝
𝐴𝑓𝑎𝑐𝑒
𝑁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
𝑝=1
 
𝑅𝑒𝑟𝑜𝑠𝑖𝑜𝑛 = ∑
?̇?𝑝𝐶(𝑑𝑝)𝑓(𝛼)𝑣
𝑏(𝑣)
𝐴𝑓𝑎𝑐𝑒
𝑁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
𝑝=1
 
Where: 
?̇?𝑝    = Mass flow rate of particles 
Aface  = Area of the cell face that is being calculated 
C(dp)  = a function of particle diameter 
α  = impact angle of the particle path with the wall 
f(α)  = a function of impact angle 
v  = relative particle velocity 
b(v)  = a function relative particle velocity 
The functions C, f and b are all defined by the boundary conditions and default values are 
given in the Fluent theory guide (ANSYS, 2013, pp. 424 - 425). Both equations provide a 
mass flow rate (kg/m
2
/s), with the erosion rate determining the amount of particles leaving, 
and accretion calculating the amount of particles being deposited. Therefor the rate at which 
particles accumulate at the cell wall can be calculated as the subtraction of the erosion rate 
from the accretion rate. 
Since the build-up of the snow and how this affects the flow is of such great importance in 
relation to these simulations, a method to adjust the mesh or flow conditions must be devised 
to model the flow around the build-up as the ANSYS Fluent DPM functions do not affect the 
flow conditions around a build-up. A DEM collision model may be appropriate, however the 
diameter of the snow particles is much smaller than the ideal diameter for DEM. (Jahn, Dr, 
2017) 
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The solution is to iteratively re-mesh the flow domain to accommodate for the build-up of 
particles. Performing the simulation for a short period of time and then calculating the 
depositions of particles using the erosion and accretion rates to determine deposition rate from 
which build-up heights can be determined. A re-mesh is required to allow for the mounds and 
the simulation is run again. When the accumulation rate is positive, the mound at that point 
grows, and when it is negative it shrinks as the particles are being eroded away. 
2.4.5.1 Creating a new material 
ANSYS Fluent has a large database of materials that it uses to calculate the solution. 
Unfortunately, it does not have any data for snow particles. This means that a new material 
must be added into the database. ANSYS requires certain information for a new material to be 
created, including: 
- Density 
- Surface roughness 
- Specific heat capacity 
- Melting and Boiling Point 
- Drag Coefficient 
Depending on the models activated and the application of the material, not all values are 
required.  
To be able to create a new inert particle, only the density and drag coefficient are required. 
The density of ice is known to be 917 kg/m
3
, however the drag coefficient is unknown. To 
determine the CD, the equation for snow settling velocity is used. 
𝑊𝑓 = −√
8
3
(
𝜌𝑎
𝜌𝑖
− 1)
𝐷𝑖
𝐶𝐷
𝑔  
Knowing from Tominaga et al.’s research that the settling velocity is constant at 0.2 m/s, the 
drag coefficient can be calculated by rearranging the above formula. 
𝐶𝐷 = 
8
3
(
𝜌𝑎
𝜌𝑖
− 1)
𝐷𝑖
𝑊𝑓
2 𝑔 
Inputting the relevant values yields a coefficient of 0.097969.  
2.4.6 Validation Experiment  
Tominaga et al. performed a series of simulations to model the snow build-up around a simple 
cubic structure to test its validity against a field experiment. Figure 2.4.8 to the right shows 
the snow depth development obtained from this experiment at three different time steps 
(Yoshihide Tominaga, 2010). 
This experiment provides a great benchmark to match. A simple geometry to validate the 
specified input parameters and ensure that the simulation will work when applied to the tent 
geometry. Snow build-ups can be seen in front of the tent, and in wakes behind the tent. It is 
these features that will determine the correct setup of the CFD simulation. 
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3.0 WIND TUNNEL EXPERIMENT 
This section outlines the experimental setup used to perform the experiments, how data was 
acquired and the associated results. 
3.1 Methodology 
“It doesn't matter how beautiful your theory is, it doesn't matter how smart you are. If it 
doesn't agree with experiment, it's wrong.”- Richard P. Feynman. This quote sums up why 
experiments are done alongside simulations. If the simulation doesn’t agree with the 
experiment, it is useless.  
The purpose of the wind tunnel experiments done in this project is to provide a reference to 
for the simulations to achieve. Using Borax as the snow simulator, a wind tunnel experiment 
was performed to measure the build-up around a tent model, to attempt to recreate in the 
simulation.  
3.2 Experimental Setup 
To perform the wind tunnel experiments, several pieces of apparatus were required in addition 
to the wind tunnel. Two sets of experiments were performed; the first was a proof of concept 
experiment to ensure that all the equipment was performing correctly, and so that any 
adjustments could be made prior to the second set where data will be recorded. The second set 
was where official measurements were taken. 
  
Figure 2.4.8 – Results from snow simulation around cube 
(Yoshihide Tominaga, 2010) 
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3.2.1 Wind Tunnel 
The experiments were performed in an AEROLAB Educational Wind tunnel at the University 
of Queensland, Brisbane Australia. The specifications outlined on the AEROLAB website: 
(AEROLAB) 
- Test Section Dimensions: 305mm x 305mm x 610mm 
- Maximum motor power: 7.5KW 
- Turbulence Level – less than 0.2% 
- Reynolds Number (per foot) – 1.4 x 10^6 /foot 
- Airspeed Range – 4.5 m/s – 65+ m/s 
 
Figure 3.2.1 – Educational Wind Tunnel (AEROLAB) 
3.2.2 Tent Model 
A CAD generated tent model was generated at a scale of 1:20 to be 3D printed. The 
dimensions of the tent are 100mm (W) x 100mm (D) x 120mm (H) with a 5mm wall 
thickness. Figure 3.2.1 shows two views of the 3D model. The model has been hollowed out 
to reduce the printing time and the amount of material used. An M5 threaded bar was inserted 
into the hole in the centre of the base to allow for easy mounting in the wind tunnel. 
 
 
 
 
 
 
 
 
 
 
3.2.3 Borax Dispenser 
Due to the design of the wind tunnel, the borax must be added to the flow via the access hatch 
in the top of the test section. This means that a new cover plate needed to be manufactured 
Figure 3.2.2 – 3D model of tent 
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with a hole in it to allow for the borax addition. An initial CAD model was done based from 
measurements of the existing cover plate, but now incorporating the hole. This can be seen in 
figure 3.2.3. 
 
Figure 3.2.3 – CAD model of replacement cover plate 
3.2.3.1 First Iteration 
Testing was done to find the optimum method of dispersing the borax into the flow. The first 
working prototype involved a funnel shaped hopper that sits above the cover plate, using 
gravity to feed the borax down a tube and into 4 smaller tubes, in the form of drinking straws 
that can be adjusted to alter the injection. This design worked well during the development 
stages; however, during the first round of testing, it was found that several straws would block 
up uncontrollably during operation, causing irregular borax injection into the flow.  An image 
of the dispensing system is shown in figure 3.2.4. 
 
Figure 3.2.4 – First Iteration of Borax dispenser 
The cover plate was manufactured out of pieced of timber as it was readily available during 
the time of construction. The downside was that it is opaque, and viewing the model from 
above during operation was not possible. 
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3.2.3.2 Second Iteration 
After the first round of testing was completed, it was determined that the cause of the 
blockages was the constriction of the straws as they entered the larger tube. The solution was 
to decrease the number of straws to 3, reducing the amount they were constricted. This proved 
successful as there were far fewer blockages during the second round of testing. A simple 
cardboard separator was also incorporated to ensure that the straws did not move relative to 
one another during testing. 
 
Figure 3.2.6 – Second iteration of Borax Dispenser 
An alteration to the cover plate was also made to allow visibility through into the test section. 
A camera mount was also incorporated to allow for top view videos and pictures to be taken. 
 
Figure 3.2.7 - Second Iteration of Top Cover Plate 
3.2.4 Borax Collector 
Due to the mild health and environmental dangers associated with powdered borax (Borax 
Material Safety Data Sheet, 2017), a method to capture the escaping material from the outlet 
of the wind tunnel had to be devised.  
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Figure 3.2.9 – Second Iteration Borax Collector 
3.2.4.1 First Iteration 
Using a ducted fan as a test rig, a first prototype was produced. It involved a tube that 
extended from the outlet of the fan, then turned by 90
o
 at the end with a fine mesh over the 
exit. The idea was for the borax particles to hit the end wall of the tube and drop to the 
bottom, whilst the airflow could escape through the mesh. Unfortunately, the air flow rate was 
too high, causing the particles to be carried through the two layers of fly-screen mesh and into 
the surroundings. This first attempt can be seen in figure 3.2.8. 
 
Figure 3.2.8 – First iteration of borax collector 
3.2.4.2 Second Iteration 
To ensure that the borax slowed down and fell to the floor, the next step was to greatly 
increase the volume of the collector to allow for the flow to dissipate, as well as increasing the 
size of the exit mesh to reduce the exit velocity. The mesh was replaced with an old sheet as it 
was found that it was not fine enough. A large rectangular timber frame was also constructed 
to be placed inside to support the material whilst the wind tunnel was not operating, and to 
hold it open for easy inflation. During the first round of testing, this system worked flawlessly 
as all borax that was ejected from the wind tunnel was captured, and was subsequently used 
for the second round with no alterations.  
19 | P a g e  
 
3.2.5 Measurement Equipment 
A number of measuring devices were used to measure the location and height of the build-up 
around the tent.  
3.2.5.1 High Speed Camera 
A high-speed camera was used to film the experiment through the side panel of the test 
section. The model of the camera used was a Photron Fastcam Mini UX100 and had a 
maximum frame rate of 800,000 frames per second. This camera was connected to a laptop 
containing the operating software via an Ethernet cable. It was mounted on a tripod facing the 
test section of the wind tunnel. Two large LED floodlights illuminated the section of interest 
to increase the quality of the recordings. Figure 3.2.10 shows the setup. 
A test run was performed to ensure that the frame rate, shutter speed and resolution of the 
camera produced optimum image quality. The final settings are described in table 3.2.1 
Table 3.2.1 – Photron Fastcam Settings 
Setting Final Value 
Shutter speed 1/2000 
Frame rate 1000 FPS 
Resolution 1024 x 576 
 
 
Figure 3.2.10 – High Speed Camera Setup 
3.2.5.2 Top View Camera 
A top view camera was used to video the build-up of the borax from above. The camera was 
mounted to a frame attached to the top cover plate as seen in figure 3.2.7. The camera had an 
in-built microphone to record sounds; therefore audio cues such as “borax dispensing 
commencing now” could be uttered for easier understanding of what was going on when post-
processing. 
The current time on all electronic devices was synchronised so that all images were generated 
in real time to allow for easy comparison when analysing the photographs and video footage. 
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3.2.5.3 Black Graph Paper 
Black graph paper was placed on the floor and rear wall of the test section to provide a good 
contrast against the white borax for video recording purposes. A 10mm x 10mm white grid 
was used to visualise the size of the build-up and be used as a backup should the other 
measurements fail. 
 
Figure 3.2.11 – Setup with Graph Paper 
3.2.5.4 Height Measurement Rig 
To measure the height of the borax build-up, a rig was manufactured to provide a reference 
height to which the level of the borax could be measured down to. A gantry style contraption 
was developed to straddle the mound using adjustable feet to ensure that it is perfectly level 
for the most accurate results possible. The top surface contained many holes in a 10mm x 
10mm grid. This was to take a series of measurements and ultimately produce a computer-
generated surface representing the borax build-up. This device is shown in figure 3.2.12. The 
reference height measured was 134.9 mm. 
 
Figure 3.2.12 – Height Measurement Rig 
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3.2.5.5 Vernier Gauge 
A Vernier gauge was used in conjunction with the height measurement rig to measure down 
and read the height at the associated location. These values were then inputted into a 
Microsoft Excel spreadsheet, where the actual height values could be computed. The Vernier 
gauge was accurate to + 0.05mm. 
3.2.5.6 Pressure Difference Reader 
A pressure difference reader was used to measure the ΔP value for the wind tunnel test 
section. Using Bernoulli’s formula, the flow speed could then be calculated. Bernoulli’s 
formula states: ∆𝑃 =
1
2
𝜌𝑉2 
The reader used was provided with the wind tunnel and is accurate to + 0.5 Pa  
Figure 3.2.13 – Pressure Difference Reader 
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3.3 Experimental Results 
3.3.1 Proof of concept experiment 
As mentioned at the beginning of section 3.2, a first round of testing was done to check that 
all relevant ancillaries were working correctly. Figure 3.3.1 shows a screen capture from a 
video that was taken on a smartphone during the test.  
 
Figure 3.3.1 – Proof of concept experiment 
The main issue discovered during this phase of testing was that the straws were blocking up 
as mentioned in section 3.2.3. This unsymmetrical dispersion caused the large deposit on the 
floor nearest the camera (shown by the green arrow) to be untouched, whilst the equivalent 
location on the far side of the centreline was being constantly eroded due to the momentum of 
the borax in the flow. This test was conducted at a relatively high speed of 9.89 m/s (ΔP = 60 
Pa). This was found to be too fast as the borax was just being blown away. The ΔP value was 
dropped from 60 Pa to 30 Pa, and then to 20 Pa. A value of 20 Pa (5.71 m/s) was found to be 
the optimum speed. The height of the bottom of the straws was constantly being adjusted and 
the flow monitored to find the optimum configuration. But as the speed dropped, depositions 
on the floor of the test section were being produced, similar to those at the far left in figure 
3.3.1 and 3.3.2. As the test continued, these deposits grew larger and began to detrimentally 
alter the flow behind them. 
 
Figure 3.3.2 – Deposits on the floor of test section from dispenser 
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As these depositions grew, they approached the bottom of the straws. Once this occurred, the 
experiment was considered useless as the flow of particles hitting the tent model was stopped.  
Irregular blocking of the straws also contributed to poor distribution of the borax. When a 
blockage occurred, the dispenser was given a jolt to attempt to free the obstruction. This 
usually resulted in a large amount of borax being dumped through the straws.  
  
Figure 3.3.3 – Effects of dispenser blockages - Image 1: During blockage, Image 2: Clearing of blockage causes 
large surge of borax, Image 3: Surge of borax causes large mound on floor of test section 
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In the three consecutive screen captures shown in figure 3.3.3, a large surge of borax created 
from the unblocking of the dispenser can create mounds on the test section floor that affect 
the flow properties leading up to the tent model. This is indicated by the large red arrow. 
Ideally, the borax should be introduced into the flow much further upstream to allow for 
mixing and to prevent the issues discussed. However, due to the design of the wind tunnel and 
its cost, this was not an option. Therefore, improvements were made to the design to try and 
reduce the impacts of poor dispersing.  
Despite these difficulties, nice mounds were produced on the leading face of the tent model, 
indicating that the apparatus was working well. 
3.3.2 Final Experiments 
During the final lot of testing, 6 runs were performed. The first 3 runs were done in stages so 
that measurements could be taken progressively to estimate the build-up, with the final 3 runs 
being done in one continuous run to try and minimise the effects of stopping and starting the 
wind tunnel. Measurements were taken using the height measurement rig and the Vernier 
gauge and inputted into an excel spreadsheet, which can be found in the appendix. 
3.3.2.1 Run 1 
Figure 3.2.4 shows a screen capture from the video recorded by the top camera, just seconds 
before the borax addition was stopped and wind tunnel switched off so measurements could 
be taken. This run was performed at 5.71 m/s (ΔP = 20 Pa) due to the success of this speed in 
the proof of concept experiment. 
3.3.2.1.1 Stop 1 
 
 
Figure 3.2.4 – Run 1 Stop 1: Top View 
Figure 3.3.5 shows an image from the high-speed camera at a similar time to the image above. 
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Figure 3.3.5 – Run 1 Stop 1: High Speed Camera View 
Unfortunately, the data for the first stop was lost. This means that no contour plots could be 
generated and only the information that defines this run is the outlines on the graph paper. 
3.3.2.1.2 Stop 2 
After measurement of the first stop had finished, the experiment was to continue. But before 
borax could be added, the wind tunnel had to be switched on and stabilise. This process took a 
long time due to the increased exit pressure caused by the borax collector, which also 
increased the flow velocity during this time. During this stabilising period, a large amount of 
the borax that was built up in front of the tent was blown away.  
 
  
Figure 7.3.6 – Effect from stopping and starting the wind tunnel between tests 
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Figure 3.3.6 shows the initial build-up of borax before the wind tunnel was activated and 
when the wind tunnel had reached a stable speed. The time difference between the two images 
is around 40 seconds. 
After the introduction of borax, a mound began to form below the dispenser, causing 
disruption to the flow. This mound can be seen in its early stages in figure 3.3.7, denoted by 
the red circle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The final build-up is shown in figure 3.3.8. 
 
Figure 3.3.8 – Final build-up for Run 1 Stop 2 – Top View 
Figure 3.2.7 – Mound created at bottom of dispenser at beginning of run 
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Figure 3.3.9 – Final build-up for Run 1 Stop 2 - High Speed Camera 
The measured data was generated into a surface plot using the Excel surface plot function. 
Figure 3.3.10 shows the computed surface for the build-up for this run. Values were entered 
manually for the tent heights as the data is easier to visualise using the tent as a reference. 
Figure 3.3.10 – Final build-up for Run 1 Stop 2 – Surface Plot 
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3.3.2.1.3 Stop 3 
Like the previous stop, during the wind tunnel start-up phase, a large amount of the borax was 
blown away, however large mounds did remain near the exit of the dispenser. These mounds 
began to grow until they began to clog the straws. This is when the test was ended. The 
resulting build-up can be seen in figure 3.3.11 and 3.3.12. 
 
Figure 3.3.11 - Final build-up for Run 1 Stop 3 – Top view 
 
Figure 3.3.12 - Final build-up for Run 1 Stop 3 – High Speed Camera 
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Figure 3.3.13 - Final build-up for Run 1 Stop 3 – Side View 
The large deposits were not measured due to the time required to perform the measurements, 
and the low usefulness of the data that would be obtained. Only measurements up to 100mm 
away from the centre of the tent were taken as this is the region of interest. This is shown in 
figure 3.3.14. 
 
Figure 3.3.14 - Final build-up for Run 1 Stop 3 – Surface Plot  
(Mounds near dispenser not measured) 
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3.3.2.2 Run 2 
3.3.2.2.1 Stop 1 
Run 2 was performed at a lower speed of 4.94 m/s (ΔP = 15 Pa) and a lower borax feed rate 
was used to try and prevent the mounds near the dispenser seen in the previous run. 
 
Figure 3.3.15 - Final build-up for Run 2 Stop 1 – Top view 
 
Figure 3.3.16 - Final build-up for Run 2 Stop 1 – High Speed Camera 
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Figure 3.3.17 - Final build-up for Run 2 Stop 1 – Surface Plot 
Only a small deposit was made in front of the tent. It is highly likely that this is due to the 
lower feed rate. 
3.3.2.2.2  Run 2 Stop 2 
A second run was performed, however there was no visible change in the build-up near the 
tent, and mounds were forming near the dispenser. A judgement was made and data was not 
measured. 
 
Figure 3.3.18 - Final build-up for Run 2 Stop 2 – High Speed Camera 
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Figure 3.3.19 – Close up shot of build-up near model during Run 2 Part 2 
No further stops were performed and the experiment was reset. 
3.3.2.3 Run 3 
Run 3 was executed at an even lower speed of 4.04 m/s (ΔP = 10 Pa), while keeping the borax 
injection rate low to reduce the chance of mounds. A lower speed was chosen again to reduce 
the amount of borax blown round the tent. 
 
Figure 3.3.20 - Final build-up for Run 3 Stop 1 – Top view 
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Figure 3.3.21 - Final build-up for Run 3 Stop 1 – Surface Plot 
This run was ended prematurely due to the large mounds that again formed near the dispenser, 
as seen in figure 3.3.20. The profile of the built-up borax is shown in figure 3.3.21 and closely 
resembles the profiles from previous tests.  
3.3.2.4 Run 4 
A lower air speed again was used for run 4. Now running at 3.61 m/s (ΔP = 8 Pa), the same 
phenomena occurred as in run 3 where mounds were generated near the dispenser.  
 
Figure 3.3.22 - Final build-up for Run 4 Stop 1 – Top view 
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3.3.2.5 Run 5 
Run 5 began with a layer of borax being laid on the floor of the test section upstream of the 
model. 
 
Figure 3.3.23 – Initial layer of borax on floor for run 5 
However, during the start-up process, the wind tunnel operates faster than the desired speed to 
inflate the collector. This caused the erosion of large amounts of the borax initially on the 
floor and subsequently, this test suffered the same fate as the others. This run was left to run 
for much longer than previously done, but this did not alter the outcome. This is shown in 
figure 3.3.24. 
 
Figure 3.3.24 - Final build-up for Run 5 – Top view 
No measurements were taken as the time required to perform them was not justified.  
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3.3.2.6 Run 6 
For run 6, a new dispenser arrangement was used. The straws were angled more in line with 
the flow to attempt to reduce the chance of mounds occurring. This new configuration can be 
seen in figure 3.3.25. 
 
Figure 3.3.25 – New dispenser arrangement 
This test was run for the longest time out of all experiments done, but eventually came to the 
same result as the previous experiments 
 
Figure 3.3.26 - Final build-up for Run 6 – Top view 
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 3.4 Discussion of Results 
Although the results seem irrelevant, the fact that the profiles near the tent all had a similar 
shape provides good proof that this is the behaviour to expect from the simulations. All 
experiments showed a distinct peak between 10 and 20 mm upstream from the base edge of 
the model, and had a sharp decent when moving towards the tent where a valley was present. 
This is due to the recirculations that occur when the air flows over the mound and hits the 
front face of the model. This behaviour is labelled in the left image, and can be seen clearly in 
the right image in figure 3.4.1. 
 
 
 
 
 
Figure 3.4.1 – Close up view: recirculations and build-up in front of model 
This repetitive behaviour is a good indicator that this is the behaviour that must be simulated 
correctly to accurately model the snow. This behaviour can also be seen in the results from the 
validation experiment done by Tominaga et al (figure 2.4.8). A distinct absence of particles 
can be seen directly in front of the cube, with a very pronounced mound forming in front of 
this. This confirms that the results obtained in the wind tunnel matches the behaviour of real 
snow and that this behaviour must be seen for the simulations to be considered valid. 
From these results, it is very clear that the airspeed and borax dispensing are critical to the 
outcome of the test. A low airspeed is required so the build-up in front of the model is not 
blown away, however mounding near the dispenser is more likely to occur.  
The chosen scale of 1:20 should not have affected the results, as research conducted by 
Gerdel and Strom et al. confirmed that scales above 1:25 were perfectly suited for scaled 
testing using borax as the snow substitute (Gerdell, 1961) (Strom, 1961).  
  
Distinct 
Peak 
Valley 
Recirculations  
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Many factors played a part in the success of the experiments. Table 3.4.1 lists the possible 
sources of error, and the way that they could affect the outcomes of the experiment. 
Table 3.4.1 – Sources of error 
Source of Error How it altered the experiment 
Airspeed A high airspeed would blow the borax around the tent before it had 
a chance to settle and build-up. The high velocity air would also 
collect dispensed borax particles and blast them into the generated 
mounds. This was only a real problem when a blockage occurred 
and a surge of material was released. A low airspeed greatly 
increased the occurrence of mounds that formed near the dispenser, 
creating a turbulent flow downstream towards the tent and less 
even borax distribution 
Borax Injection System The irregular injection of the borax was a major reason why the 
experiments were inadequately successful. Poor dispersion and 
regular blockages caused the flow of borax into the flow to be 
uneven and poorly spread. 
Borax Injection Rate A high borax injection rate caused premature mounds to be 
generated near the dispenser, especially when a low airspeed was 
used 
Borax Injection Height The height at which the borax was added into the flow played a 
large role in the build-up. Increasing the height reduced the chance 
of mounds forming, but was harder to control where most the 
particles were transported 
Graph paper While the colour of the graph paper contrasted well with the white 
borax, it had a glossy surface and was ultimately very slippery. 
This may be why a large amount of borax was blown around the 
tent as it had little resistance from the paper surface. 
Borax consistency The size of the borax particles was found to be highly irregular. 
Some batches were like a fine powder, whereas some were more 
crystallised and had a similar consistency to sugar or salt. A 
contributing factor to this may have been exposure to moisture, 
however it was unchangeable as the borax was produced by an 
external manufacturer and no modifications to its consistency could 
be made.  
Measurement errors When measuring the height of the borax depositions, a probe in the 
form of a Vernier gauge was lowered through a hole in the height 
measurement rig until it reached the surface of the borax. The 
associated errors with this process are that the surface is easily 
prone to impressions meaning that the probe could simply make a 
hole and get a false reading. The other major factor is that the probe 
must be kept vertical during this process to obtain the height 
measurement, which is difficult to achieve by hand. 
Discretisation errors The 10mm hole spacing may be too large provide too coarse of a 
representation. This spacing was chosen as the holes needed to be 
5mm diameter for the probe to clear. Any smaller spacing and the 
structure would likely fail 
Human error There are human errors associated with all experiments. Mistakes 
when making measurements or reading data could cause the results 
to be altered 
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4.0 NUMERICAL APPROACH 
4.1 Purpose 
The purpose of the numerical approach is to determine the rate at which the build-up occurs 
and the location of the depositions. These factors will then be compared with the experimental 
results to validate the accuracy of the model; a simulation that is inaccurate is unusable. 
4.2 Approach 
4.2.1 Software Package 
The software package used to execute the simulations was ANSYS 17.0. The simulations 
were performed in Fluent due to its easy user interface and settings. It was an ideal choice 
over open source CFD solvers such as OpenFoam as the simulation of the particles would be 
extremely difficult to code. 
The geometries for the meshes were designed in Creo Parametric 3.0 and imported into the 
ANSYS meshing software as a ‘.igs’ file. This was done due to the poor functionality of the 
ANSYS geometry designing program for creating complex geometries. 
4.2.2 Mesh Generation 
The geometry for each mesh was created in Creo Parametric and then imported into ANSYS 
meshing to create the meshes. The sizing of the mesh cells is extremely important as 
mentioned in section 2.4.1. A balance between accuracy and low computation time is needed.  
This is done by setting the maximum cell edge length along a particular face, edge or body. 
Yoshihide Tominaga used a minimum body cell width of 0.05 m for his experiment of a 1m 
cube. This proved to be a good size near the cube, however the size of the domain was 10m x 
15m x 5m (Yoshihide Tominaga, 2010, p. 905), meaning that regions away from the cube 
were densely meshed for no reason. This would be changed for the meshes used in this project 
to reduce the computation time without compromising accuracy.  
Each face is named during this stage. This is required as Fluent and post-processing uses the 
named selections to define the boundaries and generate plots. 
4.2.2.1 Validation Experiment Mesh 
A mesh was produced to match the simulation done by Tominaga et al. to validate the initial 
flow conditions. This mesh can be seen in figure 4.2.1. 
 
Figure 8.2.1 – Validation Experiment Mesh 
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The inlet to the domain is coloured blue, and the outlet is coloured red. There is a large region 
behind the tent to reduce the impact of the boundary conditions on the flow. The outlet is set 
to a gauge pressure of 0 Pa (atmospheric pressure), and having a strict boundary condition 
close to the region of interest can disrupt the results (Jahn, Dr, 2017). 
4.2.2.2 Tent Experiment Mesh 
The mesh used for the tent used the same domain size as the mesh in the cube simulation in 
figure 4.2.1; however the geometry was changed to simulate the pyramid tent of size 1m x 1m 
x 1.2m. This is at approximately 1:1.5 scale to a physical tent, but can easily be adjusted for a 
1:1 scale. The mesh is shown in figure 4.2.2. 
 
Figure 4.2.2 – Tent Mesh 
The right wall of the mesh has been hidden to allow for easy viewing of the internal section. 
A more optimised body sizing was used to create this mesh. Constraints were placed on the 
inlet, floor and tent faces to limit the maximum cell size to 0.1m, whereas the rest of the 
domain had a maximum size of 0.5 m to reduce calculation times. 
4.2.2.3 Tent (with mound) Experiment Mesh 
A third and final mesh was produced to check the flow properties that were observed during 
the wind tunnel experiments. A small mound was placed upstream of the pyramid tent to 
simulate the mound that was produced in run 1 stop 3, which can be seen in section 3.3.2.1.3. 
The same sizing was used on this mesh as the first tent experiment’s mesh. The updated mesh 
with the mound can be seen in figure 4.2.3. 
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Figure 4.2.3 – Tent with Upstream Mound Mesh 
4.2.3 Models 
Two Fluent models were implemented; a viscous model and the discrete phase model. The 
energy model was not included as heat transfer effects were not a factor, reducing the number 
of calculations performed and the computation time. 
4.2.3.1 Viscous model 
As mentioned in section 2.4.4, a Transitional Shear-Stress Turbulence (SST) model was 
implemented through the ‘setting up physics’ window in Fluent. The default values were used 
upon recommendation from Ingo Jahn (Jahn, Dr, 2017).  
4.2.3.1 Discrete Phase Model 
The discrete phase model was implemented through the ‘setting up physics’ window like the 
viscous model.  
The ‘interaction with the continuous phase’ option was selected, to ensure that the particles 
interacted with the airflow. This allowed for the ‘Erosion/Accretion’ model to be enabled. 
Unsteady particle tracking was also enabled to be able to track the particles more accurately. 
4.2.3.1.1 Particle Injection 
The particles are introduced to the flow via an injection that can be set up from the discrete 
phase model dialog box. The particles were set up to be injected at a normal direction the inlet 
with an even spacing across the face. The velocity magnitude of the particles was set to 0 m/s 
to represent the flow collecting the particles. The material was chosen to be the newly created 
material ‘snow particle’, and the diameter set to 1.5 x10-4 m as given by Tominaga et al.  
The flow rate was set to be 1e-5 kg/s after multiple test runs as Tominaga et al. did not state 
the flow rate that he used in his tests. This value gave good results in a reasonable time. The 
injection start time was set to 0 seconds and the stop time to 10000 seconds to ensure that the 
injection began at the same time as the continuous phase and did not stop prematurely. 
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4.2.3.2 Boundary Conditions 
Table 4.2.1 displays the various boundary conditions set for each of the meshes, including the 
DPM boundary conditions. 
Table 4.2.1 – Boundary Conditions 
Named Selection Condition DPM Condition 
Inlet Velocity Inlet (5 m/s) Escape 
Outlet Pressure Outlet (0 Pa) Escape 
Floor Wall Reflect 
Top Wall Reflect 
Side Walls Wall Reflect 
Cube/Tent Walls Wall Reflect 
Mound Wall Reflect 
 
The 5 m/s inlet velocity was chosen to match the conditions used by Tominaga et al. when 
conducting his simulations on the cube.  
The DPM boundary conditions can be set to reflect, trap or escape. When set to trap, when the 
particle hits the boundary it is removed from the domain. When set to reflect, the particle 
collides with the wall and bounces back. The characteristics of the reflecting can be set 
manually to adjust the normal and tangential behaviour. Values for snow rebound 
characteristics could not be found, therefore the default settings were used. The default model 
is a polynomial coefficient function, however other models can be used including constant, 
piecewise-linear and piecewise polynomial.  
4.2.3.3 Cell Zone Conditions 
The working fluid was chosen to be air, and gravity was enabled in the Y direction to a value 
of -9.81 m/s
2
. The negative value is to indicate that the gravity acts in the -Y direction (down).  
4.2.3.4 Assumptions 
Many assumptions were made when performing these simulations to make the modelling of 
this problem easier and faster.  
4.2.3.4.1 Constant air and particle mass flows at inlet 
The mass flow rates from the inlet were considered to be constant throughout the duration of 
the simulation. This is unlikely in real world situations but making this assumption makes the 
simulations much easier to setup. 
4.2.3.4.2 Constant particle diameter 
This assumption was also made by Tominaga et al. when performing his experiment on the 
cube. This assumption is also unlikely to occur in real life as the size of snowflakes varies 
greatly. 
4.2.3.4.3 Particle-particle Collisions are negligible 
Due to the scarceness of the particles in the flow, the particle-particle collisions were not 
modelled as the likelihood that particles would collide was extremely low for the short 
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Figure 4.3.1 – Cube Experiment – Velocity vectors overlaying turbulence intensity 
simulation times. DEM collisions could be enabled if the interactions were significant, 
however this will increase computation time. 
4.2.3.4.4 Tent structure is not affected by the flow 
As tents are made from lightweight materials, they often will be distorted due to the force of 
the wind or snow. To simulate this is extremely complex and out of scope for this report. 
Wind and snow loading on the tent can be measured and further analysis can be performed to 
determine the internal stresses and strains acting on the tent structure. 
 
After implementing these conditions into the model, the solution was initialised and started. 
Simulation times ranged from an hour to over 12 hours, depending on the discretisation of the 
mesh, the flow rate of particles and the number of calculation iterations performed. The 
results were then exported to CFD-Post, ANSYS’s post-processing program, where all results 
and graphs were created.  
4.3 Results 
4.3.1 Cube Validation Experiment 
Figure 4.3.1 shows a velocity vector plot overlaying a volume rendering of turbulence 
intensity. The clear rainbow section to the rear of the cube indicates the region of high 
separation and turbulent flow. 
  
Using Fluent’s particle tracking function, the snow particles were tracked and are shown in 
figure 4.3.2. The lines indicate the path line of the particle, and the colour indicates the 
particles velocity magnitude. This image shows the cube from underneath as this was the best 
angle to view the particles colliding with the front face.  
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Figure 4.3.3 – Cube Experiment – Particle Mass Concentration 
 
 
Figure 4.3.2 – Cube Experiment – Particle Tracks 
A volume rendering of the particle mass concentration shows a large clustering in front of the 
cube. There is also a distinct wake that has formed behind the cube where particle presence is 
low. Ripples on either side of the wake contain a large number of particles.  These can be seen 
in figure 4.3.3.  
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Figure 4.3.3.1 – Results obtained from Cube simulation 
(Yoshihide Tominaga, 2010) 
4.3.1.1 Comparison to Tominaga et al.’s results 
 Comparing the particle concentration plot with the results from Tominaga et al.’s results, it 
can be seen that it closely resembles the first stage of the build-up that he obtained (plot ‘a’ in 
figure 4.3.3.1) The formation of particles in front of the cube and the presence of two large 
depositions either side of the wake indicate that the values used for the particle injections, 
boundary conditions and flow confirm that the setup is valid to obtain the characteristics. If 
erosion and accretion rates were calculated and the mesh adjusted based on the net deposition, 
the build-up profiles will be extremely similar to those obtained by Tominaga et al and 
confirming that the method used to simulate the snow is valid.  
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4.3.2 Tent Experiment 
Using very similar input parameters, the next step was to perform the simulation on the tent 
geometry. Figure 4.3.4 shows the particle mass concentration contour plot on the floor and 
front face of the tent. A distinct wake can be seen behind the tent, similar to that of the cube 
experiment.  
 
Figure 4.3.4 – Tent Experiment – Particle Mass Concentration 
 
Figure 4.3.5 – Tent Experiment – Particle Mass Concentration Close-up 
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The region of interest is the region in front of the tent. A high concentration of particles can 
be seen at the base of the tent. It is important to view the erosion and accretion contours to see 
where the particles are building up and being eroded away. These can be seen in figures 4.3.6 
and 4.3.7.  
 
Figure 4.3.6 – Tent Experiment – DPM Accretion Rate 
 
 
Figure 4.3.7 – Tent Experiment – DPM Erosion Rate 
47 | P a g e  
 
Particle tracks were also computed and are shown in figures 4.3.8 and 4.3.9 with colour 
indicating velocity magnitude. The side view shows the effect of gravity on the particles as 
they all drop as they are carried along. The close up view of the tent shows the particles being 
stopped near the base. 
 
Figure 4.3.8 – Tent Experiment – Particle Tracks (Side View) 
 
Figure 4.3.9 – Tent Experiment – Particle Tracks (Close up view) 
 
4.3.2.1 Discussion of findings 
From the erosion and accretion graphs, it can be seen that they have identical contours, but 
vastly different values. Using the legend, the maximum accretion rate is located at the front 
base edge of the tent and has a value of 4.002 e-5 kg/m
2
/s. While the maximum erosion rate 
occurs at the same location as the maximum accretion, its value is much lower at 7.203 e-14 
kg/m
2
/s. These values show that there is a net increase of particles in this area and a mound is 
beginning to form. The particle mass concentration plot and particle tracks confirm this. The 
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rate at which particles are forming is the subtraction of the erosion and accretion rates, 
equalling 4.002e-5 kg/m
2
/s since the erosion rate is so small. As time continues, this 
deposition will grow and form a mound. To ensure that the flow characteristics are adjusted 
based on the build-up, the height of the particles must be calculated and used to create a 
modified mesh to account for the accumulation.  
The particle mass concentration plot in figure 4.3.4 shows the gradual increase of depositions 
along the floor of the test section. This agrees with theory as the snow particles will fall to the 
ground due to gravity, especially at the low flow speed of 5 m/s used for these experiments.  
4.3.3 Tent with mound Experiment 
Placing the mound upstream of the tent to simulate the build-up experienced in run 1 stop 3 
will show how the particles flow around an existing snow deposit. Figure 4.3.10 shows the 
contour plots of turbulence intensity on the floor, mound and front tent face. A low amount of 
turbulence can be seen on the trailing edge of the mound indicating that separation is not 
occurring in the void between the mound and the tent. This does not agree with the results 
from the experiment as there was strong turbulence in this region. See the full volume 
rendering in appendix 9.3. This simulation was run for a shorter time period than the first tent 
simulation due to time constraints. 
 
Figure 4.3.10 – Tent (with mound) Experiment - Contour plot of turbulence intensity on floor, mound and tent front  
Computing the erosion and accretion rates using CFD-post will give a good indication of how 
the particles are being deposited on the surfaces due to the effects from the mound. 
Unfortunately due to a Fluent malfunction, this information was lost. A contour plot of 
particle mass concentration was able to be generated and will give a good indication of where 
the snow is collecting. This is shown in figure 4.3.11. 
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Figure 4.3.11 – Tent (with mound) Experiment – Particle mass concentration contour plot 
This shows the particles are being trapped in the space between the mound and the tent due to 
the lack of turbulent flow in this region. As seen in the previous tests, turbulence causes 
particles to be constantly moving and they don’t get the chance to accumulate. The particle 
track in figure 4.3.12 also proves this. 
 
Figure 4.3.12 – Tent (with mound) Experiment – Particle track coloured by velocity magnitude  
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5.0  COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS 
The behaviour seen in the first simulation of the tent shows a mound beginning to form 
directly in front of the tent, whereas in the wind tunnel experiment and the cube experiment 
performed by Tominaga et al. there is a distinctive void between the forming mound and the 
model. The reason why this occurred is due to the lack of flow alteration due to the build-up 
of particles. The separations of the flow travelling over the mound causes turbulent flow to be 
present between the mound and the model. This dissipates the particles, causing the low 
particle density in this region. This can also be seen directly behind the models where 
turbulence is high but the concentration of particles is low. 
However, in the experiment where the mound was implemented, turbulence behind the 
mound was not of the order of magnitude expected. This caused the snow particles to be 
attracted to this region as the wind forces were low to not dislodge them. A possible reason 
for this discrepancy between simulation and experiment is the accuracy of the turbulence 
model used by Fluent. The transitional SST model used may be inaccurate in confined spaces 
causing the turbulence to be greatly underestimated in this region. This limitation of the 
accuracy of the turbulence model may determine the minimum size domain that can be 
computed accurately. Reducing the size of the cells in this region may also improve the 
accuracy of the turbulence model as far more calculations are being performed. 
To correctly achieve the behaviour observed in the wind tunnel, mesh adjustments will need 
to be made at short integrals to ensure that the flow around the build-up is correctly modelled. 
A possible larger flow domain may reduce the impact of the turbulence model limitations, or 
a different turbulence model may be implemented that has better performance on a smaller 
scale.  
Conversely, using the build-up seen in the first round of testing, a large mound was formed on 
the front test face and can be seen in figure 5.1.1. 
 
Figure 9.1.1 - Build-up of borax from 1st set of experiments 
The first tent simulation correctly shows that a deposition forms where the front face meets 
the floor. This proves that the accuracy of the wind tunnel experimental data is questionable 
due to the number of issues faced while performing the tests. The distinct mounds upstream 
are definitely a significant factor in determining the validity, as all wind tunnel experiments 
reached a steady state with this condition, as well as being proven in the results from the cube 
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test performed by Tominaga et al. But it cannot be ignored that the first tent simulation is 
correctly modelling the build-up seen in the first set of experiments. 
It is difficult to draw a conclusion based on the simulations performed in this experiment as 
they are essentially the first step of a series of iterative simulations to correctly model the 
build-up. Though it is clear that the simulations are very sensitive to input conditions, 
geometry and the assumptions made, and the experiments provided poor results 
6.0  CONCLUSIONS 
From the results of both the numerical and experimental tests, 4 distinct conclusions can be 
drawn. 
1.  Scaled wind tunnel experiments are very sensitive to operating conditions 
As mentioned in section 3.4, many issues were encountered when performing the wind tunnel 
tests. The main factor that has the largest impact on the results was the method used to inject 
the borax into the flow. A much longer test section would have allowed for ample distance for 
the borax to be dispersed in the flow evenly by the time it reached the model. Other factors 
such as the slippery graph paper and the consistency of the borax also played a large part in 
the validity of the experiment. 
2. Poor quality experimental results cannot validate a simulation accurately 
Having two sets of experimental data that are greatly different is a significant problem as it is 
not clear which one (if either) is more accurate. This makes life difficult when trying to 
validate a simulation, as it is unclear which data is accurate. 
3. Turbulence model limitations can cause poor turbulence modelling 
Turbulence is a complex phenomenon to model, and therefore assumptions have to be made 
when doing the calculations. Poor turbulence modelling or incorrect model choice has a large 
impact on the accuracy of the turbulent flow properties in some cases. As seen in the results, 
turbulence is a vital factor to consider when determining where the build-up occurs. 
4. Areas with high turbulence have minimal snow deposition 
From the results, it is clear that high turbulence corresponds to a low particle density. This 
information is useful to any engineer, researcher or explorer who wish to protect something 
from snow accumulation. Creating a large amount of turbulence in the region where snow 
build-up is a problem will help prevent it from happening. 
 
The information outlined in this report will assist anyone interested in implementing snow 
into an ANSYS Fluent simulation or perform scaled wind tunnel testing using borax as the 
snow simulator. Further work is still needed to improve the outcomes of both the 
experimental and numerical approaches as both methods proved to be slightly unreliable.   
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7.0 FUTURE WORK 
This section discusses future work that should be carried out to improve the results of the tests 
done in this report or future applications of this theory. 
7.1 Performing the re-meshing process 
Use the values from the erosion/accretion rates to generate the heights of the snow drift in 
order to adjust the mesh to simulate the flow around the depositions. 
7.2 Perform more wind tunnel tests in a larger wind tunnel 
Performing the same experiments in a larger wind tunnel will allow for better borax injection 
and dispersion which will lead to a less sensitive and more accurate representation of snow 
build-up to be used to validate the simulation results. 
7.3 Implementing snow walls 
A common method used by polar researchers and explorers is to surround their tent with a 
snow wall to deflect the wind away from their tent. Implementing snow walls into the 
simulation could determine the optimum configuration for tents and walls that provides 
optimum protection of the tent. 
7.4 Tent loading 
The wind and snow loads can compute the stresses and strains on the tent structure to check 
whether the tent structure is at risk of collapse and potentially harming the occupants. 
7.5 Different tent designs and structures 
The pyramid tent was chosen due to its poor snow shedding ability; however other designs 
can be tested to calculate where the snow builds up around them. 
7.6 Other applications 
Other applications of the principles outlined include: 
- Modelling of snow around vents and ducts 
- Modelling of snow around vehicles 
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9.0 APPENDICES 
9.1 Experiment Risk Assessment  
A risk assessment of this experiment was performed. The table below identifies the risks 
associated with the setup and operation of the wind tunnel experiment. An action plan has 
been produced to help minimise the likelihood and consequence of the associated risk. 
 
 
# Risk Risk Management/Action Plan 
OH&S Risks 
1 Borax contamination/contact Wear long sleeves and gloves when handling borax 
directly. Follow section 4 of the Borax MSDS if 
injury occurs 
2 Borax spillage Follow section 6 the MSDS instructions to handle 
spillages 
3 Borax Inhalation Wear dust masks when handling collector. Follow 
section 4 of the Borax MSDS for treatment 
4 Borax in Eyes Do not stand near exit of wind tunnel or collector 
when operating. Follow Section 4 of Borax MSDS 
for treatment 
5 Physical injury operating wind tunnel. Wear closed in shoes, follow wind tunnel SOP’s 
for handling and operating. Complete laboratory 
induction before admittance to laboratory. Keep 
area around wind tunnel free from trip hazards and 
other obstructions. Use appropriate lifting 
techniques when moving heavy objects 
6 Noise generated due to wind tunnel Wear ear defenders if operating wind tunnel for 
prolonged periods of time 
7 Wind tunnel malfunction Follow wind tunnel SOP’s and laboratory 
emergency procedures if malfunction occurs 
8 Other Laboratory emergency Follow laboratory emergency procedures 
9 Electrical Equipment malfunction Ensure all electrical equipment are tested and 
tagged before use 
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9.2 Extra plots from CFD-Post – Tent Experiment 
Wall Shear Magnitude (Floor and tent front) 
 
 
Turbulence Intensity 
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Velocity Vectors 
 
 
Console Output (Tent simulation after 60 iterations) 
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9.3 Extra plots from CFD-Post – Tent (with mound) Experiment 
Turbulence Intensity 
 
Velocity Vectors 
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Wall Shear 
  
Console Output (Tent (with mound) simulation after 30 iterations) 
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9.4 Raw Experimental Data 
Run 1 Stop 2 – Measured Heights 
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Run 1 Stop 2 – Calculated Heights 
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Run 1 Stop 3 
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Run 2 Stop 1 
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Run 3 Stop 1 
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